We present ab initio study of the interplay between atomic structure and magnetic properties in palladium atomic-size contacts suspended between palladium electrodes. This study was motivated by recent controversy between Delin et al. ͓Phys. Rev. Lett. 96, 079702 ͑2006͔͒ and Alexandre et al. ͓Phys. Rev. Lett. 96, 079701 ͑2006͔͒ about possible onset of magnetism in palladium ͑Pd͒ contacts. Here, we elucidate the effect of atomic arrangement and structure relaxations revealed in contracted and elongated Pd contacts on their magnetic properties. Planelike and pyramidlike geometries for electrodes are studied. We demonstrate that palladium contacts exhibit magnetic properties distributed inhomogeneously within the contact for a wide range of distances between separated electrodes. DOI: 10.1103/PhysRevB.77.033408 PACS number͑s͒: 73.21.Hb Magnetic phenomena in metallic atomic-size nanocontacts ͑NC's͒ and nanowires ͑NW's͒ are one of the most challenging field of basic research and technological applications nowdays.
Magnetic phenomena in metallic atomic-size nanocontacts ͑NC's͒ and nanowires ͑NW's͒ are one of the most challenging field of basic research and technological applications nowdays.
1-3 Recent progress in experimental techniques, such as the scanning tunneling microscope, 4 transmission electron microscope, 5 and mechanically controllable break junctions, 6 makes it possible to study metallic NC's, suspended between two electrodes, consisted of just a single metallic chain of few atoms or even one atom. The fabrication of these atomic-size structures opens an intriguing prospect to discover a new physical phenomena and their technological usage based on one dimension. [1] [2] [3] [4] [5] [6] [7] [8] The quantum confinement of the electrons within atomic-size contacts and wires leads to the ballistic electronic transport with the conductance close to its theoretical one-dimensional limit G 0 =2e 2 / h. The occurrence of magnetism and its effect on quantized transport in different 3d, 4d, and 5d transition metal NC's and NW's have been extensively explored experimentally 3 and theoretically. 9, 11, 12 However, despite considerable progress in understanding the spin-polarized transport phenomena through NC's and NW's, their magnetic properties are still under debate, especially for systems of 4d and 5d elements which are normally nonmagnetic materials. 9, [11] [12] [13] [14] [15] [16] [17] [18] Recently, Rodrigues et al. 3 have studied experimentally the formation and the conductivity of Co, Pd, and Pt NW's at room temperature. The observed half-integer peaks in conductance suggest that the considered NW's exhibit magnetic behavior even at room temperature and without external magnetic filed. However, several works suggest that an appearance of the conductance similar to the fractional quantization or oscillations around this value can arise due to the presence of impurities or gas molecules in contamination process. 19 An important result of these works is that the magnetic states of nanocontacts are not related in a simple manner to their conductance. Various theoretical studies, mostly based on density functional theory, have been performed to explore the structural and conducting properties of NC's and NW's, 8, 9, [11] [12] [13] [14] [15] [16] [17] [20] [21] [22] but only a few of them have been interested in studying the occurrence of magnetism in atomic contacts. 9, 11, 12, [14] [15] [16] [17] There has been some controversy in the literature regarding possible onset of magnetism in Pd NC's and NW's. Palladium is one of the most intriguing and controversial material nowdays, which could exhibit magnetic properties for very small freestanding nanoclusters. [23] [24] [25] [26] In the recent paper of Delin and co-workers, 14 the existence of magnetic ground states in palladium nanowires has been reported. Magnetism governed by Hund's rule has been predicted for infinitely long straight monatomic Pd wires with local magnetic moments of 0.7 B and about 0.3 B for a stretched short Pd chain suspended between bulk leads. An idealized structural geometries of nanocontacts were exploited in this work to explore the magnetic properties. These results are strongly differ from those obtained by Bahn and Jacobsen 16 where no magnetism was found in Pd nanowires. There has been some controversy between Delin et al. 27 and Alexandre et al. 28 about reliability usage of both generalized gradient approximation ͑GGA͒ and local density approximation ͑LDA͒ for the exchange-correlation functional to study magnetic properties of Pd nanowires. Meanwhile, it was shown in the recent paper of Stepanyuk et al. 15 that the three atomic Pd chains suspended between copper electrodes demonstrate metastable magnetic solution ͑that has only about 6 meV higher energy than nonmagnetic one͒ with the largest magnetic moment of 0.29 B . The metamagnetic behavior was revealed in the paper of Nautiyal et al. 9 where stable magnetic solution was obtained for infinite monatomic Pd wire with a large local magnetic moment of 0.53 B per atom. It is believed that a strong inhomogeneous strain relaxations revealed in nanocontacts can cause magnetic fluctuations between different magnetic states. 15 To our knowledge, almost nothing is known about real atomic arrangement and geometries of Pd NC's. The study of their magnetism is still a challenge.
We present in this paper the results of ab initio calculations for short atomic Pd contacts suspended between palladium electrodes in a fully relaxed geometries. The elongated and contracted three atomic palladium chains are studied between two Pd͑001͒ electrodes with planelike and pyramidlike geometries. We predict that the linear elongated palladium contacts exhibit magnetic properties with local magnetic moments distributed inhomogeneously within the chain. The interplay between atomic structure and magnetic properties of Pd contacts is discussed.
Our self-consistent electronic-structure calculations of Pd contacts have been performed by means of the projector augmented-wave technique 29 as implemented in VASP ab initio simulation code 30 based on the density functional theory. The GGA for exchange-correlation functional has been applied using Perdew-Wang'91 treatment. 31 In the context of recent discussions between Delin et al. 27 and Alexandre et al. 28 about reliability usage of GGA approximation, the LDA has been also used to study magnetic properties of Pd wires and contacts. Structural relaxations are performed via a quasi-Newton algorithm using the exact Hellmann-Feynman forces acting on ions. Pd contacts are modeled by the threedimensional periodic tetragonal supercells with the palladium chains suspended between two semi-infinite palladium ͑001͒ slabs. Each chain is aligned along the z axis and separated from its images large enough along the x and y axes to avoid spurious interactions with them. The integration over Brillouin zone ͑BZ͒ is performed using the tetrahedron method with Blöchl corrections. 32 BZ sampling is performed using 4 ϫ 4 ϫ 1 k-point mesh in Monkhorst-Pack grid. 33 A cutoff energy of 250 eV is used. The total energies of the whole supercells are converged up to 1 meV/ atom, while the residual force acting on each atom is less than 0.01 eV/ Å 2 . First, we discuss magnetic properties of infinitely long monatomic palladium wires. Pd wire is represented by five atomic chain aligned along the z axis. Figure 1 shows the results of spin-polarized calculations for infinite Pd monatomic wire as a function of the interatomic distance. Both the GGA and the LDA approximations demonstrate magnetic properties of Pd wires with the large local magnetic moments up to 0.75 B per palladium atoms in the wide region of interatomic distances. The magnetic moment reaches rapidly its maximum for the interatomic distance of about 2.56 Å and then vanishes monotonically. Our results are consistent with those obtained by Nautiyal et al. 9 and Delin and co-workers 14 for infinite monatomic Pd wires. However, the estimated equilibrium GGA bond length value of 2.44 Å obtained via total energy minimization in our case differs from that obtained by Delin and co-workers ͑2.56 Å͒, 14 but it is in very good agreement with those reported by Nautiyal et al.
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͑2.44 Å͒ and Mokrousov et al. ͑2.47 Å͒. 10 Since these latter studies have been carried out in the same framework of theoretical approach as the one used by Delin and co-workers, the latter's enhanced bond length is unclear for us. Our theoretical studies predict the existence of magnetic solution for the ground state with local moment of about 0.5 B per palladium atom in very good agreement with the calculations of Nautiyal et al. 9 and Delin and co-workers. 14 The occurrence of magnetism in infinite Pd monatomic wires has been discussed exploiting their electronic-structure properties.
14,34
Now, we turn to our results obtained in GGA spinpolarized calculations for Pd contact suspended between Pd͑001͒ electrodes. We consider Pd chains consisting of three atoms which have been observed experimentally for Pd contacts. 2, 3 Two types of electrodes with planelike and pyramidlike geometrical structures ͑see Fig. 2͒ are considered in order to study the interplay between atomic structure and magnetic properties in atomic-size contacts. We present in Fig. 3 our results for optimized geometries obtained for Pd contacts as a function of the distance between electrodes. The calculations reveal not only changes of interatomic distances in Pd contacts but also the structural transition in the contacts. When the distance between electrodes increases, Pd contact behaves as a straight elongated chain, while during electrodes compression, it exhibits the transition from the linear to zigzag structure. structural transition occurs in Pd contact suspended between planelike electrodes for larger separation than between pyramidlike ones. This behavior can be explained by larger tension of the bond lengths between the edge and the central palladium atoms in the chains retained within pyramidlike electrodes ͑see Fig. 3͒ . For example, our calculations reveal that for distance d = 8.0 Å between electrodes, the bond length between the edge and the central palladium atoms in Pd chain ͑2.5 Å͒ is larger for pyramidlike electrodes than that obtained for planelike ones ͑2.2 Å͒. This difference shows that the chain suspended between planelike electrodes has already contracted bonds for d = 8.0 Å with respect to its equilibrium bond length ͑2.44 Å͒ found for infinite wire and therefore exhibits earlier transition to zigzag configuration. We would like to point out a general trend of inhomogeneous relaxations of interatomic distances within Pd contact caused by different bondings of atoms. As can be seen in Fig. 3 , the edge atoms in Pd contact strongly relax toward the electrodes, compensating the lack of interatomic interactions within the chain. These atoms have almost saturated bond lengths with electrodes. Such bond lengths are "rigid," since they are not varied over a whole range of electrodes separations. They are also shorter than bond lengths between the edge atoms and the central atom in palladium chain and increase monotonically under further elongation of the chain.
Our spin-polarized calculations predict the onset of magnetism for elongated Pd contacts. In Fig. 4 , we present the distribution of local magnetic moments per atom in Pd chains as a function of the distance between electrodes. The stretching of Pd chains sets up the sizable local magnetic moments distributed inhomogeneously within the contact. A lower cohesion of central palladium atom in the chain, caused by a reduced coordination number, elongates easily the bond lengths between the central and the edge atoms during stretching. As a consequence, a local magnetic moment in the central atom increases rapidly to an upper limit of 0.36 B at the bond length of 2.56 Å. The edge atoms have an almost saturated value of magnetic moment of about 0.15 B which varies slowly due to strong interaction with electrodes. These results agree with previous spin-polarized calculations of Pd chain suspended between planelike copper electrodes, where the central atom of three atomic Pd chain attains a larger local magnetic moment up to 0.29 B at practically the same bond length of 2.50 Å. 15 Our total energy calculations show that the magnetic solutions for Pd contacts suspended between Pd electrodes are lower in energy than nonmagnetic ones with an energy gain of about 0.003 eV/ atom as a mean value over the electrodes separations. Our results are consistent with former studies of Delin and co-workers, 14 where a stable magnetic solution with a local moment of 0.3 B per Pd atom has been found. We have found also that further stretching shows a clear tendency of Pd contact to vanish its magnetic properties at larger separations ͑above 9.4 Å͒. At this range of distances, magnetic states are still more stable than nonmagnetic ones, but the energy difference between magnetic and nonmagnetic solutions is rather small. This might lead to metamagnetic behavior of Pd contacts, i.e., the fluctuations between different states can occur. 15 Figure 4 shows that Pd contacts attain nonmagnetic states faster when they are suspended between planelike electrodes than between pyramidlike ones. It is seen that the magnetic moments of the central and the edge palladium atoms in the chain are suppressed already at the distance of about 9.7 Å between planelike electrodes, while these atoms have a still sizable moments ͑0.26 B ͒ in the chain between pyramidlike ones. We assume that Pd contact stretched to the distance of 9.7 Å between planelike electrodes can be already considered as the broken chain. The bond length between the central and the edge atoms in the chain exceeds 2.9 Å, which was ascribed as a breaking point for Pd contacts. 3, 14 Almost saturated number of bonds of edge atoms at the proximity of planelike electrodes leads to a weaker bonding between the central and the edge atoms in the chain. This is not the case for palladium contacts stretched between pyramidlike electrodes, where a rather slow decay of magnetic moments has been observed ͑see Fig. 4͒ . The structural transition in Pd chains from the linear to the zigzag atomic arrangement diminishes its magnetic properties due to increasing the number of interacting palladium atoms. Such a structural transition occurs earlier for the chain suspended between planelike electrodes than between pyramidlike ones. As a result, the magnetic properties of this chain vanish faster for larger separations of electrodes ͑see Fig. 4͒ . The robust magnetic moments of Pd contacts obtained in our GGA calculations were also found in LDA ones. The local magnetic moments distributed inhomogeneously within Pd contacts were found by LDA spinpolarized calculations for elongated palladium chains ͑see Fig. 4͒ . The LDA values of local magnetic moments in Pd chains are smaller than GGA ones due to a stronger interaction between palladium atoms in LDA approximation and exhibit a similar but faster decay with stretching of contacts. Thus, both the LDA and the GGA approximations predict the onset of magnetism in elongated Pd contacts.
In summary, we have demonstrated that contracted and stretched three atomic Pd chains, suspended between Pd͑001͒ electrodes, undergo strong strain relaxations. We predict that the elongated Pd chains exhibit magnetic behavior over a wide range of the distances between electrodes. We reveal an inhomogeneous distribution of the local magnetic moments within a chain driven by strain relaxations. The onset of magnetism in Pd chain is caused by the reduced dimensionality of the chain. The contraction of Pd chains leads to their structural transition from linear to zigzag atomic arrangement, which suppresses completely their magnetic behavior.
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